The purpose of this study was to determine the coronary microvascular sites of autoregulation. The epimyocardial coronary microcirculation was observed through an intravital microscope by stroboscopic epi-illumination in anesthetized open-chest dogs (n=20). Aortic pressure and heart rate were held constant by an aortic snare and atrial pacing, respectively. Because coronary vascular resistance is distributed over a broad range of microvessels, we postulated that a broad range of sizes of coronary microvessels could contribute to coronary autoregulation. Accordingly, the goal of this investigation was to determine the primary site of autoregulation in the coronary microcirculation in the beating heart.
General Preparation
Small mongrel dogs (n = 25) of either sex weighing 3.6-12.0 kg were sedated with ketamine (20 mg/kg i.m.) and isopromazine (0.02 mg/kg i.m.) and then anesthetized with a-chloralose (50 mg/kg achloralose+50 mg/kg sodium borate i.v.). Additional doses, if necessary, were given to maintain anesthesia. Body temperature was maintained at 37-38°C by means of a homeothermic blanket system. The right femoral artery and vein were cannulated for aortic pressure measurement, reference blood collection for measurement of myocardial perfusion, and intravenous infusion of drugs and fluids. A solid-state transducer (model 5F, Millar, Houston, Texas) was introduced into the left ventricle via the right carotid artery for measurement of left ventricular pressure and dP/dt. The zero level of a solid-state transducer was verified by putting the tip on the surface of a saline solution before and after experiments.
A cuffed tracheal tube was introduced into the trachea. A plastic tube (3 mm i.d.) was introduced into the trachea via the tracheal tube, advanced to 5-6 cm above the carina, and then connected to a jet ventilator. The jet ventilator, which was used to reduce cardiac movement caused by pulmonary inflation, consisted of a solenoid valve and a pressure regulator for compressed air. A solenoid valve, triggered by left ventricular dP/dt signal, was opened for 30-40 msec during a respiratory cycle, and the pressure regulator was set to 5-15 psi. A positive end-expiratory pressure of 3-5 cm H20 was used to prevent atelectasis. Arterial blood gases and pH were maintained within the physiological ranges by adjusting the duration that the solenoid valve was opened and the regulated pressure.
A left thoracotomy was performed in the fifth intercostal space, and the pericardium was opened. The heart was suspended in a pericardial cradle. The left atrium was catheterized via the left atrial appendage. The epicardial surface was kept moist by dripping mineral oil on it.4 A plastic wrapping was used to separate the lung from the anterior aspect of the heart to prevent the lung from drying. A 2-or 3-mm section of the proximal portion of the left anterior descending coronary artery was isolated. A tiny screw occluder was used to control the perfusion pressure of the left anterior descending coronary artery. A 24-gauge plastic cannula was inserted into the branch or distal portion of the left anterior descending coronary artery to measure perfusion pressure. A snare was placed around the descending thoracic aorta for control of arterial pressure. A pair of pacing electrodes was attached to the left atrium. The sinus node was suppressed by injecting formaldehyde (7% buffered formaldehyde, 0.3-0.6 ml) into the region of the sinus node. Baseline heart rate was kept constant at 130-150 beats/min by atrial pacing.
Microvascular Preparation
Images of epicardial coronary microvessels in the beating heart were obtained with an intravital microscope (Ploemopak, E. Leitz, Rockleigh, New Jersey) equipped with a silicon-intensified tube (SIT) video camera (General Electric). The epimyocardium was epi-illuminated by a stroboscopic light source (150 W xenon arc, Chadwick-Helmuth, El Monte, California). The strobe was triggered by the left ventricular dP/dt signal and flashed once per cardiac cycle at the same point of middiastole during successive cardiac cycles. By this illumination technique, the epicardial microvasculature appeared to be motionless when viewed through the microscope.5 Polarizing filters were used to reduce the glare from the epicardial surface. The microscope objectives used for this study were Zeiss Neufluora ( x 6.3, n.a. 0.20) and F10 (x 10, n.a. 0.25). The images, obtained by the SIT camera, were digitized with a frame digitizer (Imaging Technology, Woburn, Massachusetts) and displayed on a high-resolution video monitor (Panasonic) and then stored in the computer on a hard disk or transferred to magnetic tape for storage. The resolution of digitized image of our measurement system was 5 and 8 ,um for the x 10 and x 6.3 objectives, respectively. The resolution is mainly determined by the pixel size of the digitizer.
Arterial microvessels were distinguished from venous microvessels by injecting fluorescein isothiocyanate dextran (MW 149,700) as a 20-mg bolus into the left atrium. The fluorescein molecule was activated and visualized by means of fluorescent techniques with Leitz H2 filters and a Ploemopak system. With this technique, arterial microvessels appeared a few seconds before venous microvessels. The sites of vessels where we measured the diameters during experiments were identified by using landmarks such as the branching pattern of vessels.
The diameters of microvessels were measured by using digitized images that were displayed on the high-resolution video monitor. Cursors were aligned with the vessel edges by means of a digitizing tablet (Summagraphics, Fairfield, Connecticut), and a computer program was used to calculate the vessel diameter in micrometers. Each vessel was measured three to six times by use of different images of the same vessels obtained consecutively within 15 seconds. The mean value of these measurements was used for final analysis.
Experimental Protocol
To study the autoregulatory responses of coronary arterial microvessels, microvascular diameter, myocardial perfusion, and hemodynamics were measured in 16 dogs under control conditions and at two different mean perfusion pressures of the left anterior descending coronary artery: approximately 60 mm Hg (mild stenosis) and 40 mm Hg (severe stenosis). In four other dogs, these measurements were performed during control and mild stenosis only because ventricular fibrillation occurred at the lower perfusion pressure. All measurements were performed 5-15 minutes after perfusion pressures in the left anterior descending coronary artery and hemodynamics were stable. After these procedures were completed, the left anterior descending coronary artery was ligated at the position of occluder, and myocardial perfusion was measured. To identify the perfusion area of the left anterior descending coronary artery, Evans blue dye (2.0-2.5 ml) was injected slowly into the left anterior descending coronary artery through the cannula, which was used to measure the perfusion pressure. During dye injection, aortic pressure was either at the control level (n = 13) or very low because of ventricular fibrillation (n =7).
Measurement of Myocardial Perfusion
Myocardial perfusion was measured with microspheres (15 ,um in diameter) labeled with 46Sc, 95Sr, 113Sn, 85Nb, 141Ce, or 109Cd. Microspheres (1.0x 106-1.5 x 106) were agitated and injected into the left atrium, and the cannula was immediately flushed with 2 ml saline. Starting 30 seconds before injection and continuing 2 minutes after the injection, arterial blood was collected with a constant withdrawal pump from the femoral arterial line at a rate of 1.91 ml/min. Blood reference samples were placed in vials to count nuclide activity. After completion of this study, the heart was excised and tissue samples were obtained from the left anterior descending coronary artery area, which was stained with Evans blue dye, and the left circumflex coronary artery area, which was not stained with the dye. These samples were divided into three layers of approximately equal thickness: subepicardium, midmyocardium, and subendocardium. Myocardial blood flow (MBF) per Data Analysis All hemodynamic variables (systolic, diastolic, and mean arterial pressure) were recorded on a Gould recorder (Cleveland, Ohio). The number of vessels examined in each dog varied between one and three (mean, 1.9). For multiple comparison of data, analysis of variance was used to assess statistical significance. When significant values were obtained, an unpaired t test (corrected for multiple comparisons with the Bonferroni inequality adjustment) was used to determine which measurements differed significantly from one another. For comparison of paired samples in each group, Student's t test for paired samples was used when appropriate. All data are expressed as mean+ SEM, and p<0.05 was used as the probability level for statistical significance.
Results Blood Gases and Hemodynamics
Throughout our experiments, blood gases, pH, heart rate, and arterial pressure were held nearly constant (Tables 1 and 2 ). Left ventricular enddiastolic pressure did not change significantly when coronary perfusion pressure in the left anterior descending coronary artery was reduced ( were within the physiological range at control (Table 3 ). There were no significant differences in myocardial blood flow of each layer, the subendocardial/subepicardial blood flow ratio, and coronary vascular resistance between control and mild and severe stenosis (Table 3) .
Myocardial Blood Flow and Coronary Vascular Resistance in the Left Anterior Descending Coronary Artery
In the left anterior descending coronary artery area, myocardial blood flow and coronary vascular resistance were within physiological range at control (Table 3) . When myocardial blood flow to each layer in the left anterior descending coronary artery area was compared between control and mild and severe stenosis, myocardial blood flow of each layer with the mild stenosis remained nearly constant at control level but was significantly reduced in midmyocardium and endomyocardium with the severe stenosis (Table 3) . Coronary vascular resistance in the left anterior descending coronary artery area was significantly reduced with the mild and severe stenosis (Table 3) . After complete ligation of the snare on the left anterior descending coronary artery, myocardial blood flow of the left anterior descending coronary artery area was 16+5, 14+4, 11+3, and 14±4 ml/min * 100 g (n = 13) in subepicardium, midmyocardium, subendocardium, and transmyocardium, respectively. Diameter Changes in Coronary Arterial Microvessels at Mild and Severe Stenosis When coronary perfusion pressure in the left anterior descending coronary artery was reduced, dilation of coronary arterial microvessels was heterogeneous, and only small coronary arterial microvessels dilated with both the mild and severe stenosis (Figures 1 and  2 ). The magnitude of vasodilation in percent change in small coronary arterial microvessels was inversely related to control diameter. Absolute diameter change in vessels less than 100 ,gm is shown in Figures 3 and 4 . The differences in the magnitude of vasodilation were blunted, but greater dilation was also observed in smaller vessels. Diameters of large coronary arterial microvessels did not change with the mild stenosis but decreased with the severe stenosis (Figures 1 and 2 ). Such segmental responses were also observed in the same coronary bed in five dogs ( Figure 5 ). When arterial microvessels were divided into three groups according to control vessel sizes, arterial microvessels less than 100 ,um in diameter dilated with the mild and severe stenosis. Twovessel groups larger than 100 4tm did not Control Diameter (pm) gm constricted more than vessels between 100 and 200 ,um with the severe stenosis. Discussion There are two new observations in this study: 1) When coronary perfusion pressure is moderately decreased, in the epicardium, only arterial microvessels less than 100 ,um in diameter effectively dilate to reduce coronary vascular resistance and maintain myocardial blood flow. The magnitude of vasodilation in arterial microvessels less than 100 gm is inversely related to control diameter. 2) When coronary perfusion pressure is severely decreased, small coronary arterial microvessels dilate, but simultaneously large coronary arterial microvessels constrict. 
Critique of Methodology
A previous study in our laboratory9 has shown that the resolution of our imaging system is about 5 ,um, which is a small fraction of most of the differences reported in this study. Also, the diameters measured with polarized light or fluorescein technique are nearly identical. In the present study, arterial microvessel diameters were measured only at end diastole. This procedure may not be sufficient to measure mean arterial microvessel diameter throughout the cardiac cycle if there was cyclic variation of vessel diameter. Therefore, we previously examined the cyclic variation of vessel diameter by comparing measurements of arterial microvessel diameter at midsystole, early diastole, and end diastole.10 In epicardial coronary arterial Control Diameter (jm) FIGURE 3. Graph showing absolute diameter change of arterial microvessels (solid triangles) less than 100 pum in diameter with mild stenosis. The differences in the magnitude of vasodilation were blunted, but greater dilation was observed in smaller vessels. '37) have been reported in many organs including the heart. Such heterogeneous responses of arterial microvessels have been explained by the heterogeneous distribution of receptors in several studies.31 '32 In addition to these observations, it has been recently reported from our laboratory10 that exogenous adenosine causes similar vasodilation; that is, exogenous adenosine dilates coronary arterial microvessels less than 150 ,um in diameter, and the magnitude of vasodilation was inversely related to control diameter. Precise comparison of these results with the results from our present study may be difficult because of the difference in distending pressure, but such results strongly suggest the heterogeneous distribution of adenosine receptors. Although we have no direct evidence in this study, it may be possible to explain the heterogeneous arterial microvessel dilation with reduced perfusion pressure by heterogeneous distribution or affinity of receptors of the mediator(s) of metabolic vasodilation in the coronary microcirculation.
Responses of Large Coronary Arterial Microvessels at Mild and Severe Stenosis
In the present study, diameters of large coronary arterial microvessels did not change with the mild stenosis but were significantly reduced with the severe stenosis. Because distending pressure reduced and large vessel diameter did not change with mild stenosis, it may suggest some reduction in smooth muscle tone that was insufficient to cause vasodilation. The vasoconstriction of large vessels with severe stenosis is opposite to the autoregulatory responses. Those vasoconstrictions may simply be explained by passive collapse due to reduced distending pressure or by reduced oxygen consumption. Three other factors may contribute to the vasoconstriction of the large arterial microvessels. First, reduced myocardial blood flow may cause the reduction of endotheliumderived relaxing factor38,39 and lead to vasoconstriction of the large arterial microvessels. Second, reduced myocardial blood flow causes myocardial ischemia, and vasoconstrictor substance(s) may be released from ischemic myocardium. Such substances may cause selective vasoconstriction in the larger arterial microvessels as observed with serotonin, which constricted arterial microvessels larger than 90 ,gm in the cat coronary circulation.9 Third, the vasoconstriction of large arterioles may reflect aadrenergic vasoconstriction, which has been reported in subepicardial arterioles when perfusion pressure decreased. 40, 41 In the present study, we measured vessel diameter only in epicardium. There may be differences between subepicardial and subendocardial arterial microvessels in responses to reduction of perfusion pressure.
